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Sphingosine 1-phosphate (S1P) is a bioactive lipid signal
transmitter present in blood. Blood plasma S1P is supplied from
erythrocytes and plays an important role in lymphocyte egress
from lymphoid organs. However, the S1P export mechanism
from erythrocytes to blood plasma is not well defined. To eluci-
date the mechanism of S1P export from erythrocytes, we per-
formed the enzymatic characterization of S1P transporter in rat
erythrocytes. Rat erythrocytes constitutively released S1P with-
out any stimulus. The S1P release was reduced by an ABCA1
transporter inhibitor, glyburide, but not by a multidrug resis-
tance-associated protein inhibitor, MK571, or a multidrug
resistance protein inhibitor, cyclosporine A. Furthermore, we
measured S1P transport activity using rat erythrocyte inside-
out membrane vesicles (IOVs). Although the effective S1P
transport into IOVs was observed in the presence of ATP, this
activity was also supported by dATP and adenosine 5'-(f3,y-imi-
do)triphosphate. The rate of S1P transport increased depending
on S1P concentration, with an apparent K,,, value of 21 um. Two
phosphorylated sphingolipids, dihydrosphingosine 1-phos-
phate and ceramide 1-phosphate, did not inhibit S1P transport.
Similar to the intact erythrocytes, the uptake of S1P into IOVs
was inhibited by glyburide and vanadate but not by the other
ABC transporter inhibitors. These results suggest that S1P is
exported from the erythrocytes by a novel ATP-dependent
transporter.

Sphingosine 1-phosphate (S1P),> a bioactive lipid molecule
present in the blood, plays an important role in diverse cellular
responses, such as migration, proliferation, and differentiation
(1, 2). These processes are triggered by the binding of S1P to its
specific receptors (3), of which five subtypes (S1P,-S1P.) have
been identified in endothelial and immune cells (4). Studies
using S1P, receptor-deficient mice showed abnormalities in
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lymphocyte egress from lymph nodes, spleen, and thymus (5, 6).
Whereas blood plasma contains a basal level of S1P from the
nanomolar to the micromolar range (7-12), lymphoid tissues
maintain a low S1P environment through the activity of S1P
lyase (13). It has been proposed that a higher concentration of
S1P in the blood plasma than in the lymphoid organs estab-
lishes an essential gradient along which lymphocytes express-
ing the S1P; receptor on cell surfaces migrate (2, 5, 6, 13-15).

The source of plasma S1P remains unclear despite its impor-
tance in the cellular responses of endothelial cells and lympho-
cytes. Unlike most cells, blood cells, astrocytes, and vascular
endothelial cells are reported to release S1P (8, 16 —18). These
cells contain sphingosine kinase, which synthesizes S1P
through the phosphorylation of sphingosine (16, 18, 19).
Whereas platelets and mast cells release S1P in a stimulus-de-
pendent manner (17, 20), erythrocytes, neutrophils, and mono-
nuclear cells release S1P in a stimulus-independent manner
(16). The roles of S1P derived from erythrocytes, the most
abundant of these blood cells, have not been elucidated. How-
ever, recent reports suggest that S1P released from erythrocytes
isa major source of plasma S1P (7, 9) and promotes lymphocyte
egress to blood (9).

Previously, we showed that S1P is released from rat platelets
upon stimulation by thrombin or Ca®>* (21). We proposed that
an ATP-dependent transporter plays a key role in S1P release
from platelets (21). However, the detailed mechanism of S1P
release is unclear because there is no way to assay the transport
of S1P across the membrane. In this study we compared the
properties of S1P release from erythrocytes with that of plate-
lets and showed that S1P release from erythrocytes does not
require any stimuli. We then established an assay to measure
the ATP-dependent S1P uptake into inside-out membrane ves-
icles (IOVs) prepared from rat erythrocytes and characterized
S1P transport in erythrocytes.

EXPERIMENTAL PROCEDURES

Materials— AMP, ADP, ATP, ATP+yS, AMP-PNP, BSA (fatty
acid-free), thrombin, TPA, A23187, ceramide 1-phosphate, gly-
buride, and cyclosporine A were obtained from Sigma. CTP,
GTP, UTP, and dNTPs were from GE Healthcare, MK571 was
from Calbiochem, S1P was from Avanti, and dihydrosphin-
gosine 1-phosphate (DHS1P) was from Biomol. [*H]Sphin-
gosine and [**P]S1P were purchased from American Radiola-
beled Chemicals, Inc. [*’H]cGMP was from PerkinElmer Life
Sciences, anti-Na"-K* ATPase mAb (05-369) was from Milli-
pore, and anti-ABCA1 mAb (ab18180) and anti-MRP1 mAb
(ab32574) were obtained from Abcam. Other chemicals were of
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reagent grade and were obtained from Wako Pure Chemical or
Nacalai Tesque.

Isolation of Rat Erythrocytes—Wistar rats (9 —14 weeks old,
female) were anesthetized, and whole blood was collected from
their hearts using an acid citrate-dextrose solution as an anti-
coagulant. Erythrocytes were prepared by centrifugation at
500 X g for 15 min. For the S1P release assay erythrocytes were
washed twice with a mixture of buffer A (20 mm HEPES-NaOH
(pH 7.4), 3.3 mm NaH,PO,, 2.9 mm KCl, 1 mm MgCl,, 138 mm
NaCl, and 1 mg/ml glucose) containing 1% BSA followed by
immediate resuspension in the same buffer.

Measurement of [PH]S1P Release from Erythrocytes—Eryth-
rocyte suspensions (180 ul, 1 X 107 erythrocytes/ml) in buffer
A containing 1% BSA were preincubated at 37 °C for 5 min
followed by a calcium chelator or an inhibitor treatment for 10
min. Then assay buffer containing 0.2 um [*H]sphingosine (40
nCi/10 ul) in buffer A and 1% BSA was added to each suspen-
sion (final concentration of sphingosine, 10 nm) and incubated
at 37 °C. After an indicated incubation period, erythrocytes and
the assay buffer were separated by centrifugation for 5 s at
12,000 X g. Lipids were extracted from the supernatant and
erythrocytes and developed by TLC in butanol-acetic acid-wa-
ter (3:1:1). Radioactive bands were quantified with a
FLA-3000G Bioimaging Analyzer (Fuji Film Co., Tokyo, Japan).

Preparation of Inside-out Membrane Vesicles of Erythrocytes—
IOVs were prepared according to a modified procedure of Steck
and Kant (22). Rat erythrocytes were collected by centrifuga-
tion (500 X g for 10 min) of whole blood prepared as described
above, washed twice with one volume of buffer A containing 1%
BSA and 0.4 volume of acid citrate-dextrose solution, and
washed once with 5 volumes of buffer A containing 1% BSA and
1.2 volume of acid citrate-dextrose solution. Then erythrocytes
were lysed in 20 volumes of ice-cold lysis buffer (20 mm Tris-
HCI (pH 7.4), 1 mm EDTA) and subsequently centrifuged at
28,000 X g for 10 min at 4 °C. The supernatant was removed,
and the pelleted ghosts were resuspended in ice-cold lysis
buffer. This step was repeated three times. After the last wash,
the pelleted ghost was resuspended in 40 volumes of ice-cold
vesiculation buffer containing 0.5 mm Tris-HCl, 0.1% BSA (pH
8.1 at 4 °C) and incubated on ice overnight. When we prepared
the IOVs without BSA in the lumen, the vesiculation was per-
formed using the vesiculation buffer without BSA. After the
incubation, the suspension was centrifuged (30,000 X g, 30 min,
4.°C), and the pellet was resuspended in one volume of vesicu-
lation buffer. The suspension was then passed through a 3%4-inch
27-gauge needle 5 times. The mixture of vesicles and ghosts was
layered onto a dextran 70 solution (4.46% in 0.5 mm Tris-HCl
(pH 8.1) at 4 °C) and centrifuged at 30,000 X g at 4 °C for 40
min. The vesicles at the interface were washed with 40 volumes
of vesiculation buffer and sedimented at 30,000 X g at 4 °C for
30 min. The wash was repeated once, and the vesicles were
diluted with a buffer containing 10 mm Tris-HCl, 0.1% BSA (pH
7.4). The vesicles were stored at —80 °C until further use.

Vesicular Transport Assay—For the S1P uptake studies,
membrane vesicles (50 ug of protein) were incubated with 1 or
10 uMm [**P]S1P in different concentrations of ATP in the incu-
bation buffer (10 mm Tris-HCI (pH 7.4), 10 mm MgCl,, and
0.1% BSA) at 37 °C. The incubations were terminated by the
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addition of ice-cold stop buffer (10 mm Tris-HCI (pH 7.4), 10
mM EDTA, 10 mm vanadate, and 1% BSA). The mixture was
centrifuged at 100,000 X g at 4 °C for 5 min. The amount of
[**P]S1P in the pelleted vesicles was determined by liquid scin-
tillation counting.

Reverse flow of the S1P from the IOVs was measured as fol-
lows. First, membrane vesicles were incubated with or without
2 mm ATP in the incubation buffer containing 10 um [**P]S1P
at 37 °C as described above. After the incubation for 20 min to
remove the S1P in the assay buffer, ice-cold buffer (10 mm Tris-
HCI (pH 7.4), 10 mm EDTA, and 1% BSA) was added, and the
resulting solution was centrifuged at 29,000 X g at 4 °C for 5
min. Vesicles were resuspended in the S1P-free incubation
buffer with or without 2 mm ATP and incubated at 37 °C for 20
min. Then the ice-cold stop buffer was added, and the resulting
solution was centrifuged at 29,000 X g at 4 °C for 5 min. The
amount of [>*P]S1P in the vesicles was determined as described
above.

Western Blotting—Cells were sonicated with phosphate-
buffered saline supplemented with a protease inhibitor mixture
(Nacalai) and centrifuged at 800 X g for 10 min at 4 °C. Rat liver
was homogenized and centrifuged at 800 X g for 10 min at 4 °C.
The supernatant was collected and centrifuged at 100,000 X g
for 1 h at 4 °C to obtain the membrane fraction. Rat platelets
were collected in the platelet-rich plasma by centrifugation of
whole blood at 500 X g for 15 min. The platelet-rich plasma was
centrifuged at 1500 X g for 10 min, and the platelets were lysed
in the hypotonic buffer (10 mm NaH,PO, (pH 7.6), 10 mm
EDTA) containing a protease inhibitor mixture by sonication
and freeze-thawing. Subsequently, the membrane fraction was
obtained by centrifugation at 100,000 X g for 1 h at 4 °C. Sam-
ples were electrophoresed on an SDS-polyacrylamide gel and
immunodetected with the protein-specific antibodies. Rat
monoclonal antibodies against mouse ABCA7 were developed
by immobilization of the ABCA7 carboxyl-terminal domain
(1841 to 2170 amino acids) fused with maltose-binding protein.

RESULTS

Rat Erythrocytes Synthesize and Release SIP—SIP export
from erythrocytes was recently reported, suggesting that it
plays an important role in lymphocyte egress into blood (9). To
further investigate this possibility, we measured the S1P release
from rat erythrocytes (Fig. 1). When [*H]sphingosine was
added to the medium, it was taken up into rat erythrocytes and
immediately converted to [*H]sphingosine 1-phosphate (Fig.
1B). The amount of synthesized S1P in the erythrocyte reached
its maximum around 5 min after the addition of [*H]sphin-
gosine. [*H]|S1P release was observed beginning at 2 min and
increased in a time-dependent manner (Fig. 14). The addition
of thrombin, TPA, and Ca*>", which stimulate the S1P release in
platelets (21), did not change the amount of [*H]S1P released
from erythrocytes, indicating that cell stimulation is not neces-
sary for secretion of the S1P from these cells (Table 1). Previ-
ously, we showed that ATP- and Ca®" -dependent transporters
independently release S1P from rat platelets (21). In erythro-
cytes, [’H]S1P release was not changed by the addition of Ca>"
chelators, an MRP inhibitor, MK571, or a multidrug resistance
protein inhibitor, cyclosporine A, but it was inhibited by an
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FIGURE 1. Rat erythrocytes take up sphingosine and release sphingosine
1-phosphate. Rat erythrocytes (1.8 X 10° cells) were incubated with
[PHlsphingosine for the indicated times at 37 °C. Then the assay buffer and
erythrocytes were separated by centrifugation. The amounts of S1P in the
assay buffer (A, extracellular) and erythrocytes (B, intracellular) were deter-
mined as described under “Experimental Procedures.” Closed and open circles
indicate sphingosine (Sph) and S1P, respectively. The total amounts of sphin-
gosine and S1P at 0.2 min were set at 100%. Experiments were performed
more than three times, and the error bars indicate the S.D.

ABCAL1 inhibitor, glyburide (Table 1). These results suggest
that an ABCA-like transporter, but not a Ca”>*-dependent
transporter, may play a role in S1P secretion from erythrocytes.

Establishment of an Assay for S1P Transport into the Rat
Erythrocyte Inside-out Membrane Vesicles—Although charac-
terization of the S1P transporter in intact cells is difficult
because of interference with the assay system from cytosolic
factors, the use of the IOV circumvents this problem. We were
able to exploit the fact that erythrocytes secrete S1P without
any stimulus, in contrast to platelets, and use IOVs from eryth-
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TABLE 1

Effect of stimuli, calcium chelators and inhibitors on the S1P release
from erythrocytes

Stimuli were added to erythrocytes preincubated with [*H]Sph for 2 min at 37 °C.
After incubation for 10 min at 37 °C, erythrocyte suspensions were centrifuged.
Calcium chelators and inhibitors were preincubated with erythrocytes for 10 min at
37 °C. Then [?H]Sph was added, and erythrocyte suspensions were incubated for 20
min at 37 °C. Release rate of S1P was calculated as (amount of medium)/(total
amount of medium + erythrocytes). The S1P release rate with no addition of com-
pounds is set at 100%. Values are means with the S.D. BAPTA, 1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid, tetrapotassium salt.

Compound Concentration % of release
M
Stimuli
None 100.0
Thrombin 5 NIH U/ml 982 £ 2.5
TPA 0.16 114.0 = 3.1
Ca®" + 2 um A23187 2,000 100.5 = 3.3
Calcium chelators
EDTA 100 100.3 + 1.2
EGTA 100 100.5 = 2.0
BAPTA 100 101.1 = 1.9
EDTA + 10 um A23187 100 92,0+ 53
EGTA + 10 um A23187 100 88323
BAPTA + 10 um A23187 100 89.7 £ 0.7
Inhibitors
Glyburide 500 69.4 + 5.2
MK571 50 979 = 2.6
Cyclosporine A 10 97.4 = 2.8

rocytes to measure S1P transport activity. [**P]S1P was trans-
ported into IOVs in the presence of ATP in a time-dependent
manner but not in the presence of AMP or in the absence of
ATP (Fig. 2). The amount of [**P]S1P was calculated from the
[**P] radioactivity in the IOVs measured by the liquid scintilla-
tion counting. To demonstrate that the radioactive species
transported into the IOVs were [**P]S1P, lipids were extracted
and analyzed using TLC (supplemental Fig. 1A). Amounts of
transported [**P]S1P calculated from the TLC method and the
liquid scintillation counting were comparable (Fig. 2 and sup-
plemental Fig. 1B), suggesting that most transported >>P-la-
beled species were [*3P]S1P.

The ATP-dependent transport of [*>P]S1P showed satura-
tion kinetics with respect to the S1P and ATP concentrations
(Fig. 3). Based on the Lineweaver-Burk plot (Fig. 3, inset), the
apparent K, values were estimated to be 21 um and 130 um for
S1P and ATP, respectively. However, relatively large errors
were observed at high concentrations of S1P (Fig. 34). This
might be due to a lower solubility in the assay buffer and a
detergent effect of S1P at a high concentration because of its
amphiphilic nature. Reverse flow or leakage of the S1P from the
vesicles was not observed in the presence or absence of ATP,
suggesting that this ATP-dependent S1P transport was unidi-
rectional (supplemental Fig. 2).

To investigate whether S1P is transported by primary pumps
or by secondary ion-coupled transporters that are activated
with ion-transporting ATPases, several of which are expressed
in erythrocyte membranes, we examined the effect of iono-
phores and ATPase inhibitors on ATP-dependent [**P]S1P
transport. Potassium and proton ionophores valinomycin and
carbonyl cyanide p-chlorophenylhydrazone did not affect S1P
transport; neither did the proton pump inhibitors dicyclohex-
ylcarbodiimide and NaNj; or ouabain or strophanthidin, both
known to inhibit Na"-K* ATPase (Table 2). In contrast to
these inhibitors, a V-ATPase inhibitor, bafilomycin Al, par-
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FIGURE 2. ATP-dependent transport of S1P into IOVs prepared from rat
erythrocytes. A, 10Vs (50 ug of protein) were incubated with 1 um [**PIS1Pin
the presence of 2 mm ATP (open circles) or AMP (closed circles) or the absence
of nucleotide (closed triangles). After incubation for the indicated times at
37 °C, the amount of S1P trapped inside the IOVs was measured as described
under “Experimental Procedures.” B, ATP-dependent S1P uptake was calcu-
lated as the difference between the STP amounts in the presence and
absence of ATP. Experiments were performed three times, and the error bars
indicate the S.D.

tially inhibited S1P transport activity in a dose-dependent man-
ner (Table 2). However, carbonyl cyanide p-chlorophenylhy-
drazone and dicyclohexylcarbodiimide, which also effectively
inhibit V-ATPase activity, did not inhibit S1P transport, sug-
gesting a direct inhibition of the S1P transporter by bafilomycin
Al. These results indicated that ATP-dependent S1P transport
was mediated directly by primary transporters.

Expression of ABC Transporters in Rat Erythrocytes—Re-
cently, certain ABC transporters, ABCA1l, ABCA7, and
ABCC1, were reported as candidates for the S1P transporter
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FIGURE 3. Effects of S1P and ATP concentration on the rate of ATP-de-
pendent S1P transport into the I0Vs. A, ATP-dependent S1P transport
inside the IOVs was calculated from the different concentrations of [>*P]S1P in
the presence or absence of 2 mm ATP at 37 °C for 5 min. B, different concen-
trations of ATP were used for ATP-dependent S1P transport. IOVs were incu-
bated with 1 um [>3P]S1P at 37 °C for 5 min. S1P uptake was expressed as the
difference between the STP amountsin the presence and absence of ATP. The
inset shows the Lineweaver-Burk plot of the rate of ATP-dependent S1P
uptake.

(21,23, 24). Because S1P was transported in an ATP-dependent
manner, we examined the expression of these ABC transporters
in rat erythrocytes. IOVs prepared from rat erythrocytes were
studied by Western blot using monoclonal antibodies against
ABCA1, ABCA?7, and ABCCI (Fig. 4). Anti-ABCA1 antibodies
recognized both the ABCAL1 protein (about 250 kDa) in HEK293/
ABCA1 and the ABCA7 protein in HEK293/ABCA7 (Fig. 4, upper
panel). ABCAL is distinguishable from ABCA?7 by its molecular
size. ABCA1 was not detected in rat platelets or IOVs. The anti-
ABCA7 and anti-ABCCI1 antibodies specifically recognized the
ABCA7 and ABCC1 proteins, respectively (Fig. 4, second and third
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TABLE 2

Effect of ionophores and ATPase inhibitors on the ATP-dependent
uptake of S1P

Experiments were performed as described for Fig. 7. Values are the means with the

S.D. CCCP, carbonyl cyanide p-chlorophenylhydrazone; DCCD, dicyclohexylcar-
bodiimide.

Compound Concentration S1P uptake
M pmol/mg
None 104.4 £ 11.8
Valinomycin 10 99.6 * 14.2
CCccp 10 107.1 £ 9.9
DCCD 10 1144 = 19.1
NaN, 100 100.2 = 9.9
Bafilomycin A1 1 89.6 * 14.5
10 61.9 * 6.0
Ouabain 100 117.2 £ 11.1
Strophanthidin 100 104.6 = 5.8
HEK293/
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FIGURE 4. Expression of ABCA1, ABCA7, and ABCC1 in rat erythrocytes.
I0Vs prepared from rat erythrocytes and membrane fractions from rat liver,
platelet-rich plasma, and HEK293 cells expressing ABCA1, ABCA7, or ABCC1
were separated by SDS-PAGE and transferred to a polyvinylidene difluoride
membrane for Western blotting with anti-Na*-K* ATPase mAb, anti-ABCA1
mADb, anti-ABCA7 mAb, and anti-ABCC1 mAb. Expression of the ubiquitous
protein Na*-K* ATPase was used for a loading control for each membrane
fraction.

panels), and ABCA7 and ABCC1 were detected in platelets and
IOVs. These results suggest that the ABCA7 and ABCC1 proteins
could participate in S1P transport in erythrocytes.

Characterization of ATP-dependent S1P Transporter—BSA,
which is necessary for S1P release from platelets (21), was added
to the medium as an S1P carrier in all experiments to increase
the solubility of S1P in water. For the development of the assay,
we investigated the effect of BSA on ATP-dependent S1P
uptake into the IOVs. When BSA was added inside the IOVs,
[**P]S1P uptake was increased more than 2-fold (supplemental
Fig. 3A4). However, the ATP-dependent uptake of cGMP, a
water-soluble substrate for the erythrocyte MRPs, into IOVs
was unaffected by BSA (supplemental Fig. 3B). These results
indicate that BSA is required only for the uptake of lipophilic
compounds, such as S1P, into the IOVs. In the absence of BSA
inside the IOVs, [**P]S1P uptake activity was approximately
halved (supplemental Fig. 3A4), indicating a residual uptake pos-
sibly because of the presence of [**P]S1P residing in the inner
leaflet of the IOV membranes. These results suggest that BSA
plays an important role in the release of [**P]S1P from the
erythrocyte membrane and in the effective transport of the
[*3P]S1P inside the vesicles.
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FIGURE 5. Effect of phosphorylated sphingolipid on S1P transport into
10Vs. I0Vs were preincubated with 10 um [*°PIS1P in the presence of addi-
tional 100 um cold S1P, 100 um DHS1P, 50 um ceramide 1-phosphate (C7P), or
the absence of these compounds (con) at 37 °C for 5 min and then incubated
in the presence or absence of 2 mm ATP at 37 °C for 5 min. STP uptake was
calculated as the difference between the STP amounts in the presence and
absence of ATP. The S1P uptake in the absence of compounds (con) is set at
100%. Experiments were performed three times, and the error bars indicate
the S.D.
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DHSI1P is a phosphorylated sphingolipid with a similar struc-
ture to S1P. It is released from rat platelets after the uptake and
phosphorylation of dihydrosphingosine.® Dihydrosphingosine
was also taken up by rat erythrocytes and phosphorylated to
DHSI1P (supplemental Fig. 4). This DHS1P was released to the
medium in a time-dependent manner, raising the possibility
that DHS1P might be released from erythrocytes through the
S1P transporter. To investigate the substrate specificity of the
S1P transporter in erythrocytes, cis-inhibitory effects against
the uptake of 10 um [**P]S1P into IOVs were examined with
phosphorylated sphingolipids, which have a chemical structure
similar to that of S1P (Fig. 5). Inhibition experiments were per-
formed using 100 uMm cold S1P, 100 um DHSI1P, and 50 um
ceramide 1-phosphate. Although the [**P]S1P uptake was
reduced to 39% by cold S1P, DHS1P and ceramide 1-phosphate
had no inhibitory effect on the transport of [**P]S1P. This result
indicates that the erythrocyte ATP-dependent S1P transporter
strictly recognizes the S1P structure as its substrate.

Furthermore, we used nucleotides and non-hydrolyzable
ATP analogs to examine the nucleotide specificity and the
necessity of ATP hydrolysis in S1P transport (Fig. 6). A signifi-
cant uptake of S1P was observed in the presence of ATP, AMP-
PNP, and dATP, whereas no or low S1P uptake was observed in
the presence of the other nucleotides (Fig. 6). These results

3 N. Kobayashi and T. Nishi, unpublished result.
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FIGURE 6. Effect of nucleotides on S1P transport into IOVs. Experiments
were performed as described under “Experimental Procedures” except that
the cold STP concentration was 10 um. IOVs were incubated in the presence of
2 mm concentrations of each nucleotide at 37 °Cfor 10 min. Experiments were
performed more than three times, and the error bars indicate the S.D.

indicate that S1P transport is driven by some adenine nucleo-
tides and that ATP-hydrolysis is not essential for transport.

To further investigate the S1P transport mechanism in IOVs,
we studied the effect of inhibitors on the uptake of [>*P]S1P.
Glyburide inhibited S1P release from intact erythrocytes (Table
1) and also inhibited the transport of [**P]S1P into the IOVs,
whereas the other ABC transporter inhibitors, MK571 (MRP
inhibitor) or cyclosporine A (a multidrug resistance protein
inhibitor), had no effect in IOVs (Fig. 7A). At the same or lower
concentrations of inhibitor, the uptake of cGMP, which is
transported by MRP, was completely inhibited (Fig. 7B). Fur-
thermore, a phosphate analog, vanadate, which inhibits a large
number of ATPases, also efficiently reduced S1P uptake (Fig.
7A). Glyburide and vanadate reduced the [**P]S1P transport
activity in a dose-dependent manner (Fig. 8). Despite the almost
complete inhibition of the transport activity by vanadate at 10
mu, about half of the activity remained with glyburide treat-
ment (up to 1 mm). This remaining S1P transport activity was
additively inhibited by vanadate (supplemental Fig. 5). These
results indicate that glyburide and vanadate affect different
steps of the SIP transport mechanism and that an ATP-de-
pendent glyburide- and vanadate-sensitive transporter is the
S1P transporter in erythrocytes.

DISCUSSION

S1P in plasma is thought to play an important role in the
induction of cellular responses in vascular endothelial cells and
lymphocytes (5, 6, 25), and it is maintained at a constant con-
centration (26). Recently, several groups have shown that
plasma S1P is supplied from erythrocytes (7, 9, 27). However, a
detailed mechanism of the S1P release from the cells is still
unclear. To demonstrate the direct evidence for the S1P trans-
port across the erythrocyte membrane, we measured the ATP-
dependent S1P transport into IOVs prepared from rat erythro-
cytes (Fig. 2, supplemental Fig. 1). BSA was required for the
effective transport of S1P into the IOVs (supplemental Fig. 3)
and for the extraction of S1P molecules from the membrane
surface (21). In plasma most of the S1P binds to the carrier
proteins, BSA and high density lipoprotein (28). Carrier pro-
teins, therefore, most likely play an important role in maintain-
ing the serum S1P level by protecting S1P from degradation
enzymes and by extracting S1P from the membrane surface.
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FIGURE 7. Effects of ABC transporter inhibitors on the ATP-dependent
transport of S1P into IOVs. A, IOVs were preincubated with 1 um [**PIS1Pin
the presence of 100 um glyburide, 20 um MK571, and 10 um cyclosporine A or
1 mm vanadate at 37 °C for 5 min and then incubated in the presence or
absence of 2 mm ATP at 37 °C for 20 min. S1P uptake was expressed as the
difference between the S1P amounts in the presence and absence of ATP.
B, experiments were performed as described above except that 1 um
[*HIcGMP was used as the substrate instead of [**P]S1P.

As shown in Fig. 2, about 130 pmol/mg of S1P was trapped in
IOVs after a 20-min incubation without ATP, more than half of
the S1P in presence of ATP. It was speculated that S1P, in the
absence of ATP, was also transported into IOVs by diffusion.
Although ATP-dependent uptake was enhanced with BSA
inside the vesicles, the amount of the S1P trapped in IOVs with-
out ATP was not changed with the addition of BSA (supple-
mental Fig. 3). Moreover, S1P transport is unidirectional, and
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FIGURE 8. Effect of concentrations of glyburide and vanadate on the ATP-
dependent transport of S1P into I0Vs. A, inhibitory effects of indicated
concentrations of glyburide were tested. ATP-dependent uptake of the
[**PISTP in 10Vs was performed with 2 mm ATP at 37°C for 20 min, as
described under “Experimental Procedures.” B, inhibitory effects of indicated
concentrations of vanadate were tested.

S1P backflow from IOVs was not detected (supplemental Fig.
2). These results suggest that S1P is bound to the vesicle surface
and does not diffuse into the IOVs without ATP.

Glyburide, an ABC transporter inhibitor, and vanadate, a
global ATPase inhibitor, effectively inhibited the ATP-depend-
ent S1P transport activity (Fig. 7). Several ABC transporters
export lipid derivatives and are inhibited by glyburide or vana-
date. For example, ABCAL1 is involved in cholesterol efflux from
cells and is inhibited by glyburide (29). Thus, an ABC trans-
porter is a candidate for the S1P transporter in erythrocytes.
However, the S1P transporter did not require ATP hydrolysis,
as it was activated not only with the ATP but also with dATP
and AMP-PNP (Fig. 6). In contrast to the AMP-PNP, another
non-hydrolyzable ATP analog, ATP+vS, did not support the S1P
transport (Fig. 6). Among the adenine nucleotides, ATP, AMP-
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PNP, and dATP could support the SIP transport activity,
whereas low or no transport activity was observed with ADP,
AMP, and ATP+S. This difference might be due to the presence
of a y-phosphate group in the first group of nucleotides. Sup-
porting this idea, a phosphate analog, vanadate, inhibited the
ATP-dependent S1P transport activity (Fig. 8). These results
suggest that ATP hydrolysis is not essential but that a phos-
phate group at the y-position of ATP, dATP, and AMP-PNP is
important for S1P transport activity. So far, most ABC trans-
porters require ATP hydrolysis for the effective transport of
their substrates. However, some members of the ABC proteins
are activated by nonhydrolyzable ATP analogs. For example,
the GSH flux mediated by cystic fibrosis transmembrane con-
ductance regulator (ABCC?) is stimulated by ATP and AMP-
PNP (30). It is possible that an ABC transporter could partici-
pate in S1P transport in erythrocytes without ATP hydrolysis.

In contrast to a previous report (7), our IOV preparations
have some S1P dephosphorylation activity (data not shown),
which can probably be attributed to differing methods of eryth-
rocyte preparation. The previous report used purified erythro-
cytes, whereas we prepared erythrocyte IOVs using the conven-
tional method (22), which may result in vesicles contaminated
with phosphohydrolase activity from other cells such as plate-
lets (7). Thus, it is possible that this phosphohydrolase activity
was inhibited with ATP and affected the ATP-dependent S1P
transport activity. This dephosphorylation activity was blocked
by NaF and vanadate but not by the addition of ATP. Moreover,
about 85% of the ATP-dependent transport activity was
observed with the addition of 50 uM vanadate, sufficient for the
complete inhibition of the S1P phosphohydrolase activity (Fig.
8). These results indicate that S1P dephosphorylation does not
affect the S1P transport activity.

S1P release from the cells was initiated after increment of S1P
concentration inside the erythrocyte cells (Fig. 1). This sug-
gested that S1P transport follows the S1P concentration gradi-
ent and that ATP acts as a trigger to open the S1P transport
pore of the transporter.

Based on previously reported results, we considered ABCAL,
ABCA?7, and ABCC1 as possible candidates for the S1P trans-
porter (21, 23, 24). Because S1P release from erythrocytes and
the ATP-dependent S1P transport in IOVs were inhibited by an
ABCAL1 inhibitor, glyburide, it was suggested that S1P is trans-
ported by ABCAL1 in erythrocytes. However, ABCA1 was not
detectable in the IOV (Fig. 4). Recently, Sato et al. (23) reported
that ABCA1 plays an important role in S1P release from astro-
cytes. The calculated apparent K, value for ATP (130 um) is
also consistent with the reported K,, value of ABCA1 (31).
However, whereas the cholesterol efflux from ABCA1-express-
ing cells is dependent on apoA-I but not BSA (32, 33), S1P
release from the platelets and erythrocytes was enhanced with
BSA but not with apoA-1 (supplemental Fig. 3) (21). Further-
more, ABCA1l-mediated cholesterol efflux and ATPase activity
of ABCA1 were inhibited by glyburide but not by vanadate (29,
31). These results suggest that ABCA1 is not the S1P trans-
porter of the blood cells.

Mitra et al. (24) reported that ABCC1 (MRP1) plays an
importantrole in S1P release from mast cells. They showed that
S1P release from mast cells was inhibited by an MRP inhibitor,
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MK571, and the down-regulation of ABCC1. Although ABCC1
was expressed in erythrocytes (Fig. 4), S1P release from eryth-
rocytes and S1P uptake into IOVs were not affected by MK571
(Table 1, Fig. 7), indicating that S1P is not likely to be exported
by ABCC1 (MRP1) in erythrocytes.

Previously, we showed that ABCA7, which has a high amino
acid sequence homology to ABCAL1, is preferentially expressed
in platelets (34), suggesting that ABCA7 potentially participates
in S1P release in platelets. In this study we showed that ABCA7
is expressed in rat platelets and erythrocytes (Fig. 4). Because
ABCA?7 has been reported to be involved in lipid release from
transfected cells (35—40), it is possible that ABCA7 may func-
tion as an S1P transporter. However, Lee et al. (8) reported that
serum S1P levels in ABCA1, ABCA7, and ABCC1 knock-out
mice do not differ from those of wild-type mice.

During the preparation of this manuscript, we identified that
spinster-like protein 2 (spns2) participates in S1P release from
the cells and is essential for the zebrafish heart precursor migra-
tion (41). This protein is a candidate for the S1P transporter in
erythrocyte, but little is known about the function of the spns2
in S1P secretion from the blood cells. Based on the amino acid
sequences, spns2 is a member of the major facilitator superfam-
ily-type transporter and does not have a typical ATP binding
motif (41). The erythrocyte S1P transporter required ATP but
not ATP hydrolysis for its activity. It will be interesting to exam-
ine whether spns2 requires the ATP binding for its activity. The
identity of the protein that functions as the S1P transporter in
blood cells is still to be determined. Different types of cells may
have cell type-specific S1P transporters.

The effects of ABC transporter inhibitors on S1P release
from erythrocytes and S1P uptake into erythrocyte membrane
vesicles were similar to that of platelets (Table 1, Fig. 7) (21).
Therefore, it is likely that the transporters contributing to ATP-
dependent S1P transport in erythrocytes and platelets are
closely related proteins. However, there is a difference in the
requirement of the stimulus on S1P release between erythro-
cytes and platelets (Table 1) (21). Platelets store the synthesized
S1P inside the cells and secrete it depending on various stimuli
(17). However, erythrocytes secreted the newly formed S1P
immediately after its synthesis (7, 16). This difference could be
explained by the source of the secreted S1P and the difference
in the activation of S1P transporters in erythrocytes and plate-
lets. The S1P transporter in erythrocytes may be stimulated
constitutively by a modification of the transporter, whereas the
transporter in platelets is activated depending on the stimulus
and modification, such as phosphorylation. We demonstrated
that ATP-dependent S1P release from the semi-intact platelets
was activated by thrombin treatment, which activates the pro-
tein kinase C through the G-protein-coupled thrombin recep-
tor (21). Some ABC transporters, such as ABCA1 and ABCC2,
are activated depending on phosphorylation by protein kinase
A and protein kinase C, respectively (42, 43). Similar activation
mechanisms may be present in the S1P transporter in blood
cells.

We propose that an ATP-dependent transport partici-
pates in S1P release from erythrocytes (Fig. 9). To elucidate
the physiological significance of the ATP-dependent S1P
transport, we calculated the contribution of the ATP-de-
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FIGURE 9. Schematic model of S1P synthesis and export in platelets and
erythrocytes. S1P is synthesized via the phosphorylation of sphingosine
(Sph) by sphingosine kinase (SK). S1P was exported by ATP- and Ca**-de-
pendent transporters in platelets. However, thrombin-stimulated S1P export
was mainly performed by the ATP-dependent transporter (21). Erythrocyte
S1Ptransport systems do not have a Ca?*-dependent transporter and are not
activated by any stimuli. PKC, protein kinase C; PLSCR, phospholipid
scramblase.

pendent transport to the S1P release from intact erythro-
cytes. The rate of the S1P release from the erythrocytes was
calculated from values in human erythrocytes reported by
Ito et al. (7). When the amount of S1P inside the erythrocytes
(10® cells) was about 38 pmol, the rate of SIP release was
about 1.6 pmol/min. The erythrocyte volume and the mass of
IOVs prepared from one erythrocyte cell were assumed to be
90 fl and 8.56 X 10~ '' mg, respectively. Thus, the S1P con-
centration inside the erythrocyte (10® cells) was 4.2 um (7),
and the rate of S1P release was calculated to be 0.19 nmol/
mg/min. Because the rate of S1P uptake is linear up to 10 um
S1P (Fig. 3), the rate of the S1P release from intact erythro-
cytes at 10 uM S1P was expected to be 0.45 nmol/mg/min. In
the IOVs, the S1P uptake rate divided by the rate of mem-
brane vesicle sidedness (~0.5) was calculated to be 0.36
nmol/mg/min at 10 um S1P. Therefore, the rate of the S1P
uptake into IOVs was comparable with that of the released
S1P from erythrocytes, indicating that S1P was released
from erythrocytes mainly through the ATP-dependent
transporter.

In summary, our results provide direct evidence that S1P is
unidirectionally transported across the membrane. This trans-
port is ATP-dependent, but it did not require ATP hydrolysis
for the S1P transport activity. Detailed analysis of the properties
of the erythrocyte transporter indicated that S1P is specifically

JOURNAL OF BIOLOGICAL CHEMISTRY 21199



ATP-dependent S1P Transporter

transported by an ATP-dependent glyburide- and vanadate-
sensitive transporter. This is the first detailed characterization
of the S1P transporters.
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